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Poor oxidation behavior is the major barrier to the increased
use of Ti-based alloys in high-temperature structural applications.
The demand to increase the service temperature of these alloys
beyond 550 C (the typical temperature limit) requires careful
study to understand the role that composition has on the oxidation
behavior of Ti-based alloys [1–3]. The attempt to overcome this
limitation in Ti-based alloys has led to the production of alloys
with substantially improved oxidation resistance such as b-21S
and also development of coatings and pre-oxidation techniques
[1,4–6]. While it is tempting to extrapolate the oxidation behavior
(e.g. oxidation rate law, depth of oxygen ingress and scale thick-
ness) observed for a limited number of compositions under a cer-
tain oxidation condition to a broader compositional range, there
are numerous examples in the literature where deviations from
the expected relations are observed [7,8].
Although there have been works conducted on the oxidation
behavior of Ti, such works have historically been based on tradi-
tional weight gain/loss measurements of speciﬁc engineering
alloys. Surprisingly, there is a dearth of systematic studiesregarding the effect of individual alloying elements on the oxida-
tion mechanisms of Ti. Ideally, such systematic studies would not
only reveal the presence of any compositional transition points
in the oxidation behavior, but also reduce experimental variability.
An example of such a systematic study is the combinatorial
approach described in this paper and elsewhere [9] that can be
used to ensure that identical testing conditions are maintained
for an entire compositionally-graded specimen.
Chromium is a principal component in some metastable b Ti
alloys (i.e., the burn-resistant alloys). It has been shown repeatedly
that the addition of Cr to Ti (in the form of binary Ti–xCr alloys)
decreases the oxidation resistance. However, this observation can-
not be generalized over an extended composition range of binary
alloys, as it has been reported that above a certain point in the
composition range, Cr is beneﬁcial [10–12]. Interestingly, in tita-
nium aluminides, Cr has been observed to exhibit both beneﬁcial
and detrimental results [1,13–15]. In addition to composition, the
temperature and time also have an effect on the oxidation behav-
ior, especially oxidation rate [12,16]. While the evolution of the
oxidation rate for the Ti–Cr system over time and across the
composition range has been reported [10], neither the associated
operating mechanisms nor the change in the base material
microstructure are well understood. One of the complexities
associated with the oxidation behavior of the Ti–Cr system is the
formation of intermetallic phase particles as a result of b decompo-
sition (with sluggish kinetics) during the prolonged high tempera-
ture exposure. Incorporation of the intermetallic phase into the
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cannot be explained using the available theories for the high tem-
perature oxidation of metals [8,17].
Although binary Ti–xCr alloys are not used as structural materi-
als in engineering applications, an investigation of the oxidation of
this model system will provide requisite information that could
then be applied to understand the oxidation behavior of more com-
plex systems. The main goal of this study is to reveal the inﬂuence
of compositional variation on the formation and evolution of the
oxide scale, the subsurface microstructural evolution, and any
possible deviations in the oxidation rate law.Fig. 1. Composition proﬁle along the compositionally graded Ti–xCr specimen.
Table 1
Heat-treatment and oxidation test conditions for the compositionally graded Ti–xCr
specimen.
Solution heat-treatment Oxidation test
975 C for 35 min – water
quenched
650 C for 25 h, 50 h and 100 h in still-
air2. Experimental procedure
High purity elemental Ti and Cr powders (Ti – 99.9% pure,
150 mesh from Alfa Aesar; Cr – 99.8% pure, plasma spray grade
from Micron Metals) were used to produce a compositionally
graded Ti–xCr specimen (0 6 x 6 40 wt%)1 via an Optomec
LENS™ 750 at the University of North Texas. A computer-aided
design (CAD) ﬁle provided a tool path for the laser deposition of
a three dimensional specimen. The design ﬁle was converted and
sliced into layers with a nominal thickness of 0.25 mm. The layers
consisted of multiple parallel lines with a nominal hatch width of
0.38 mm. The mechanically mixed elemental powders were loaded
in two independently controlled powder feeders and Ar gas was
used to carry the powders into a controlled atmosphere box. A high
energy Nd:YAG laser (350–500 W) provided sufﬁcient energy for
melting and in-situ alloying of the elementally blended powders
under an inert Ar atmosphere. Following a line-by-line,
layer-by-layer approach, a specimen was deposited onto a sub-
strate (6 mm thick Ti–6Al–4V was used for this study) which was
ﬁxed onto a computer-controlled motorized stage. The powders
were ﬂuidized on an Ar carrier stream and injected (via four con-
vergent Cu nozzles) into the localized melt pool created by the
focused high-energy laser. The material increased the volume of
the melt pool which solidiﬁed in a very rapid manner, analogous
to rapid solidiﬁcation processing. The pre-programmed powder
ﬂow rates allowed for the tailoring of the local composition by con-
trolling the mass ﬂow rates from the two powder feeders, one of
them ﬁlled with pure Ti powder and the other one with mechani-
cally mixed Ti–40Cr powder. Thus, it was possible to design and
deposit a specimen with incremental variations in the composition
along the length of the sample (i.e. a compositionally graded spec-
imen). The 2D in-plane motion of the stage accompanied by verti-
cal motion of the deposition head (including focused lens and
powder nozzles) produced 3D near net shape metallic parts. The
composition proﬁle along the LENS™ deposited Ti–xCr graded
specimen is presented in Fig. 1. The oxygen level was maintained
at a level below 20 ppm throughout the deposition and the
specimen was deposited in the form of a 38 mm  25 mm  12 mm
rectilinear solid. The compositionally graded specimen was longitu-
dinally sectioned in individual pieces conserving the composition
range.
A solution heat-treatment was carried out at above b-transus
temperature for all the samples followed by water quenching
(see Table 1). In order to minimize oxidation, the samples were
wrapped in pure Ti foil (99.7% pure) and Ar was ﬂowing constantly
through the furnace during the solution heat-treatment to mini-
mize oxidation. The samples were polished after solutionizing in
order to expose a ﬂat and fresh metal surface for the subsequent
oxidation tests. Sample preparation included grinding with SiC
abrasive papers from 120 up to 800 grit followed by polishing with
0.04 colloidal silica suspension. The samples were cleaned using a1 All the compositions are in wt% unless speciﬁed otherwise.multi-step cleaning process including washes in acetone,
water + surfactant and methanol.
The oxidation exposure conditions consisted of a temperature
of 650 C for different holding times, listed in Table 1. The samples
were placed in a box furnace with the polished surface oriented
upward and exposed to still laboratory-air. The samples were cut
after oxidation and the cross section of the oxidized surface was
polished following the aforementioned steps. Characterization of
the samples, including imaging of the microstructure, elemental
analysis and crystal structure studies, was conducted using a suite
of electron microscopy techniques. A ﬁeld emission gun (FEG) FEI™
Nova NanoSEM 230 with an integrated energy dispersive spec-
trometer (EDS) was used to characterize the microstructure and
local composition using standardless energy EDS techniques. The
results are reported to the nearest wt%. A Tecnai G2 F20 TEM oper-
ating at 200 kV accelerating voltage in both transmission electron
microscopy (TEM) and scanning transmission electron microscopy
(STEM) modes was employed to study the microstructural features
in greater detail. Site-speciﬁc samples were prepared for TEM anal-
ysis using an FEI DualBeam™ (FIB/SEM) Nova 200 NanoLab.
PANDAT 8.1 was used for thermodynamic rationalization of the
oxygen-induced subsurface microstructural transformations.
PANDAT works on the basis of the CALPHAD (CALculaion of
PhAse Diagrams) approach, developed for phase diagram calcula-
tion in multi-component systems [18,19].3. Results and discussion
3.1. Microstructural evolution in the metal substrate
Backscattered SEM micrographs of four selected compositions
after solution heat-treatment at 975 C followed by water quench-
ing are presented in Fig. 2(a–d). Considering the wide range of
compositions in the graded specimen, the product phases upon
quenching from the solutionizing temperature may include: a0,
x, b, b1, b2 and TiCr2 (a Laves phase with C15 crystal structure).
It should be noted that although the aim of this study is to focus
Fig. 2. Backscattered electron micrographs of (a) Ti–3Cr, (b) Ti–9Cr, (c) Ti–17Cr and (d) Ti–30Cr components after solution heat-treatment at 975 C for 35 min followed by
water quenching.
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dized surface in the Ti–Cr system, the starting microstructure and
different aspects of bulk phase transformation will be discussed
concisely where relevant.
For low Cr concentrations, e.g. Ti–3Cr, the starting microstruc-
ture (following solutionization and water quenching) is the a0
hexagonal martensite (see Fig. 2(a)). In contrast to other commonly
used b stabilizing transition metals in the commercial titanium
alloys (i.e. Mo, V), the formation of the orthorhombic martensitic
phase (a00) in the Ti–Cr system has not been observed [20–25].
For Ti–9Cr, the composition lies in the range where the formation
of athermal x is expected in the b matrix (see Fig. 2(b)) [20,21]. A
site-speciﬁc TEM sample was prepared from the as-quenched Ti–
9Cr component for the purpose of phase identiﬁcation, and the cor-
responding selected area diffraction (SAD) pattern recorded from
the specimen is shown as an inset in Fig. 2(b). The principal reﬂec-
tions can be consistently indexed as [011] b phase zone axis with
additional reﬂections that arise due to the presence of ﬁne-scale
athermal x particles. Although there is no general agreement in
the literature on the beginning and ending compositions of x for-
mation in the Ti–Cr system, 17 wt% Cr is beyond all the reported
values, thus 100% b retention is expected for this composition
(see Fig. 2(c)). Solution heat-treatment at 975 C for compositions
exceeding 25 wt% Cr corresponds to a composition/temperature
combination that lies within the a + TiCr2 two phase-ﬁeld region,
owing to the high solvus temperature of the intermetallic phase
(1220 C) [26]. Therefore, the presence of the pre-existing Laves
phase particles in the b matrix of the as-quenched microstructure
is expected and is shown in Fig. 2(d).
Fig. 3(a–c) shows backscattered SEM micrographs of the sub-
surface microstructure of a Ti–3Cr component oxidized at 650 C
for 25, 50 and 100 h. During the isothermal oxidation experiment,
the martensitic phase (a0) has decomposed to various product
phases described in the next paragraph, including b, a and TiCr2.
It is noted that for the material located very close to the surface,there is local oxygen enrichment prior to the formation of a stable
surface oxide, and such enrichment could (and does, as will be
shown) change the transformation kinetics and lead to different
microstructural morphologies compared to the bulk.
The equilibrium eutectoid reaction in the Ti–Cr system,
bTi? aTi + TiCr2, occurs at 667 C [3,21,27]. Thus, the precipita-
tion of the TiCr2 phase is expected to be observed during isother-
mal holds at 650 C. However due to the sluggish nature of this
reaction, the formation of the intermetallic phase is not observed
generally for chromium levels below 5 wt% Cr at service tempera-
tures [3,20,21,28]. From Fig. 3(a) it is immediately apparent that
after 25 h oxidation, although at a temperature and composition
within the a + TiCr2 two-phase region, the decomposition of a0 in
the bulk has resulted in an a + b microstructure, with the meta-
stable b phase present at the prior martensite lath boundaries
and defects (i.e. dislocations and twins). It is only in the region
close to the oxidized surface where the precipitation of nascent
TiCr2 particles was observed. This can be attributed to the higher
rate of b decomposition in the presence of interstitial elements
such as O, as has been reported by Molchanova [23]. After 50 h oxi-
dation however the formation of TiCr2 particles was not limited to
regions in close proximity to the surface, as the diffusion of oxygen
along the grain boundaries of the prior b grains resulted in the
intergranular precipitation of the intermetallic phases (see
Fig. 3(b)). After the 100 h oxidation exposure, the metastable b
phase has had sufﬁcient time to decompose into a + TiCr2 and
the microstructure shows a uniform distribution of TiCr2 particles
surrounded by the a phase (see Fig. 3(c)).
In order to determine the degree of b decomposition after 100 h
and to compare the results with those expected for the equilibrium
condition, the area fraction of the Laves phase particles in Fig. 3(c)
was quantiﬁed by manual thresholding and subsequent areal anal-
ysis. The results are provided in Table 2. In the backscattered SEM
micrographs, the TiCr2 particles can be identiﬁed easily as they
appear brighter relative to both the a and b phases, due to the
Fig. 3. Backscattered electron micrographs of the subsurface microstructure of Ti–3Cr component oxidized at 650 C for (a) 25, (b) 50 and (c) 100 h.
Table 2
Experimentally measured area fraction and calculated equilibrium volume fraction of
TiCr2 phase in three selected compositions for different holding times.
Composition Oxidation
time (h)
Area fraction
(%)
(experimental)
b
Decomposition
completion (%)
Volume
fraction (%)
(calculated
by PANDAT)
Ti–3Cr 100 1.59 44.28 3.59
Ti–9Cr 25 2.80 22.54
Ti–9Cr 50 2.81 22.62 12.42
Ti–9Cr 100 8.08 65.06
Ti–17Cr 25 21.18 87.07
Ti–17Cr 50 25.09 103.166 24.32
Ti–17Cr 100 25.01 102.85
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for faithful thresholding and subsequent quantiﬁcation [29]. For
Ti–3Cr, the measured result was 1.6% area fraction for the Laves
phase after 100 h at 650 C, which deviates from the equilibrium
volume fraction of TiCr2 predicted using PANDAT 8.1 (3.6% (see
Table 2)). The comparison of the experimental and calculated val-
ues revealed that roughly 44% of the predicted b decomposition
has taken place after 100 h oxidation, assuming that nucleation
of TiCr2 is not a direct product of martensite decomposition and
proceeds following an intermediate step (Eq. (1)):
a0 ! aþ b ! aþ bþ TiCr2 ð1Þ
For an alloy content of Ti–9Cr, a considerable increase in the
volume fraction of metastable b was observed after 25 and 50 h
oxidation (see Fig. 4(a and b)) which is expected considering the
strong b stabilizing effect of Cr. The heterogeneous precipitation
of Laves phase particles along the grain boundaries of the prior b
grains (in a seemingly continuous fashion at some boundaries), a
interfaces and in the regions close to the surface is observed.
Following exposure to laboratory air at 650 C for 100 h, a uniform
intragranular distribution of TiCr2 particles is observed for Ti–9Cr
(see Fig. 4(c)).
The results of the microstructure quantiﬁcation for the micro-
graphs presented in Fig. 4(a–c) are given in Table 2, with the per-
cent b decomposition reported with respect to the predicted
equilibrium volume fraction of TiCr2, as calculated by PANDAT.
Somewhat surprisingly, for the Ti–9Cr composition, it can be seen
that the same degree of b decomposition (22%) exists after both
25 and 50 h. After 100 h 65% of the decomposition reaction has
occurred.
For a hypereutectoid alloy composition of Ti–17Cr, there is not a
considerable difference between the microstructures after the var-
ious exposure times (i.e., 25–100 h) except for the presence of a
few b islands in the 25 h oxidized sample which decompose with
the passage of time (see Fig. 5(a–c)). Also observed is an extensiveprecipitation of TiCr2 particles as well as the reﬁnement and devel-
opment of a ﬁne scale lamellar structure which occurs, notably, at
only some of the prior b grain boundaries as a product of coopera-
tive growth. The results of the microstructural quantiﬁcation of the
region corresponding to a composition of Ti–17Cr are given in
Table 2. There is an unexpected result with respect to the percent
b decomposition, which exceeds 100% for 50 and 100 h oxidation
times. This can be attributed to two possible sources. Firstly, there
is an experimental uncertainty associated with the image process-
ing (i.e. thresholding) and stereological measurements. Given the
considerable variation in the size of the Laves phase particles in
the regions in a close proximity to the boundaries of the prior b
grains, it is reasonable to expect a ±1% uncertainty in the measure-
ment, as observed in other Ti-based alloys [29]. The second is the
effect of O, which decreases the solubility of Cr in the a-phase,
potentially increasing the volume fraction of TiCr2 particles.
Together, these are responsible for the seemingly inexplicable
>100% b decomposition completion values in Table 2. It was previ-
ously shown by the authors that the depth of oxygen diffusion
along the grain boundaries (fast diffusion pathways), from the
exposed surface in a binary Ti-based system, can extend up to
500 lm [9]. The faster kinetics of beta decomposition in
the presence of oxygen around the grain boundaries leads to the
abovementioned size variation which in turn increases the
probability of thresholding errors. When the results of
the microstructural quantiﬁcation for the Ti–3Cr, Ti–9Cr and
Ti–17Cr compositions, as reported in Table 2, are compared, the
strong inﬂuence of composition on the kinetics of the b decompo-
sition reaction and the role of the exposure time become evident.
Not surprisingly, it can be concluded that for a certain holding time
a larger portion of b phase decomposes to a + TiCr2 as the Cr con-
tent increases.
It should be noted that although the Ti–Cr system is a
b-eutectoid system, no evidence of the formation of the pearlitic
or lamellar structure is observed upon cooling from above the
eutectoid temperature except for hypereutectoid alloys when a
large undercooling is applied and the predominant mode of eutec-
toid decomposition is bainitic or non-lamellar [21,30–34].
Although the intermetallic phase particles have detrimental effects
on the mechanical properties that make them undesirable in high
temperature commercial Ti alloys for bulk structural applications,
its impact on the oxidation behavior of the Ti–Cr system is the rea-
son that authors highlighted the evolution of this phase.
3.2. Oxide scale
Fig. 6(a–c) shows backscattered SEM micrographs of the oxide
layer in cross-section for the three selected compositions discussed
previously after 25 h oxidation at 650 C. Due to the notable differ-
ence in the average atomic weight of the oxide and the base
Fig. 4. Backscattered electron micrographs of the subsurface microstructure of Ti–9Cr components oxidized at 650 C for (a) 25, (b) 50 and (c) 100 h.
Fig. 5. Backscattered electron micrographs of the region just below the surface of Ti–17Cr components oxidized at 650 C for (a) 25, (b) 50 and (c) 100 h.
Fig. 6. Backscattered electron micrographs of the oxide layer in cross-section for (a) Ti–3Cr, (b) Ti–9Cr and (c) Ti–17Cr components after 25 h oxidation at 650 C.
154 P. Samimi et al. / Corrosion Science 97 (2015) 150–160material, the imaging conditions (i.e. brightness and contrast) were
adjusted in order to capture both the metal substrate and the oxide
scale. The effect of composition on the scale thickness is clearly
evident as the relatively thick multi-layer oxide scale for the region
corresponding to a composition of Ti–3Cr is replaced by a thin,
barely visible single layer scale for the region corresponding to a
composition of Ti–17Cr. The variations of the scale thickness as a
function of composition for the entire composition range for 25,
50 and 100 h is shown in Fig. 7.2 The thickness values are averaged
over 6 independent measurements for each nominal composition. It
is evident that for a certain composition range (i.e., 0–20%), the for-
mation and growth of the oxide scale on the metal surface is strongly
dependent on the composition and, to a lesser degree, the holding
time. For an oxidation exposure time of 25 h, the thickness of the
oxide scale gradually decreases (from 11 lm to 1 lm) as the con-
centration of Cr increases to 20 wt% Cr. For the case of 50 h2 For the sake of visibility of the data points that read close to zero, the y axis is split
by a break in some of the plots.oxidation there is a slight upward shift of the graph compared to
25 h oxidation, and a similar variation in the thickness of the scale
with respect to the composition. Interestingly, this relative stability
in oxide scale thickness mirrors the relative stability in the volume
fraction of the TiCr2 phase in the base material for both Ti–3Cr and
Ti–9Cr, as reported in Table 2. As the holding time is extended to
100 h there appears a signiﬁcant increase in the scale thickness
and the trend has a steeper slope. However, for compositions above
20 wt% Cr, there is virtually no difference in the thickness of the
oxide layer. Since there is a drastic difference in the oxidation behav-
ior above and below this seemingly critical content of Cr (20 wt%),
the composition ranges above 20 wt% and below 20 wt% will be dis-
cussed separately.
In order to understand the role of kinetics on the evolution of
the oxide scale, the data of scale thickness as a function of oxida-
tion time has been plotted (see Fig. 8) for selected compositions.
It is well-established that the oxidation kinetics of Ti at 650 C
can be explained by a parabolic rate law [1,6,35–42] which can
be described, in its simplest form, according to Eq. (2):
Fig. 7. Scale thickness versus Cr content for binary Ti–Cr systems oxidized for 25,
50 and 100 h at 650 C.
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and the parabolic oxidation rate can then be expressed according to
Eq. (3):
dX
dt
¼ k
0
p
X
ð3Þ
where kp is parabolic rate constant, t is the oxidation exposure time
and X represents any measurable quantity that is directly propor-
tional to the extent of oxidation reaction such as weight gain or
scale thickness. The parabolic rate constant kp is factor that includes
several parameters, including temperature, oxygen partial pressure,
charge and ﬂux of mobile ionic species, chemical potential gradient
and any operable short-circuit diffusion mechanism. According to
Wagner’s theory of oxidation, developed for thick oxide ﬁlms
(1 lm<) and which predicts the kinetics based on parabolic
growth, the oxidation rate gradually decreases with the passage
of time [17,43,44]. Surprisingly, the plots shown in Fig. 8 for the
nominal compositions of 3, 6, 8, 11 and 17 wt% Cr do not follow
the expected parabolic rate law and the results indicate the occur-
rence of a rapid breakaway oxidation. It is worth mentioning that
the investigations concerning the oxidation of these alloys are
unfortunately more or less in agreement in concluding that the oxi-
dation resistance of the titanium decreases markedly after the addi-
tion of chromium [45,46]. However above a critical composition
(i.e., Ti–20Cr in Fig. 7), the binary components appear to be veryFig. 8. Scale thickness as a function of exposure time for six selected Ti–Cr
components oxidized at 650 C.resistant to oxidation at 650 C. In order to explain this unusual
behavior, the concurrent microstructural evolution of the oxide
scale and the metal substrate must be considered.
Two different mechanisms can be proposed for the rapid break-
away oxidation reaction for low Cr contents. The ﬁrst mechanism is
the cracking of the scale due to the stresses associated with the
isothermal growth of the scale, resulting in the formation of
micro-cracks in the oxide layer. These micro-cracks act to supply
continuously oxygen to the base material and result in the local
transition from diffusion-controlled to reaction-controlled oxida-
tion and consequently an acceleration of the reaction. The second
proposed mechanism involves only ionic diffusion across the oxide
layer, thus is a fully diffusion-controlled mechanism. In order to
identify the predominant mode of oxidation it is necessary to fully
characterize the oxide scale and the metal substrate.
A backscattered SEM micrograph of the cross-section
microstructure of a composition of Ti–10Cr after exposure to labo-
ratory air at 650 C for 100 h is shown in Fig. 9(a). The structure,
morphology and phase variation across the oxide scale and into
the metal substrate are discussed below. The oxide scale can be
divided into three layers (parallel to the metal/oxide interface)
based on the continuity of the scale. The outermost layer, referred
to as layer 1 (L1), is compact with no microporosity, and has largely
delaminated from the second layer, though the connection is pre-
served at some locations, preventing spallation. The middle layer,
layer 2 (L2), is relatively thin, while layer 3 (L3) is the thickest layer
of the oxide scales. Layer 3 exhibits a porous structure, and termi-
nates at the metal/oxide interface. The formation sequence and
growth direction of the three oxide layers are determined by the
type and disorder of the oxide. Titanium oxide is an n-type oxide
in which the predominant type of disorder could be either
non-metal deﬁcit or metal excess, depending upon the oxygen
pressure and temperature [1,47]. Accordingly, the oxidation reac-
tion progresses with the inward migration of oxygen anions and
the metal/oxide interface is considered to be the oxidation front.
Thus, L1 is the ﬁrst layer that forms on the metal surface, followed
by the formation of L2 and L3. Notably, it can be seen that the Laves
phase particles do not immediately undergo a phase transforma-
tion as the oxidation front passes. Rather, they gradually dissolve
within the oxide as the oxidation reaction proceeds and act as
sources of Cr ions for the enrichment and modiﬁcation of the scale.
Fig. 9(b) is a STEM micrograph recorded from the metal/oxide
interface of a Ti–11Cr component after 25 h oxidation and clearly
shows the existence of TiCr2 particles on both sides of the oxida-
tion front (i.e., base metal/oxide scale interface).
The X-ray diffraction (XRD) pattern acquired from the oxide
surface corresponding to a composition of 3–4 wt% Cr after 25 h
oxidation is given in Fig. 10. There appears to exist only one phase
which has been indexed as rutile TiO2 with the experimentally
measured lattice parameters of a = 4.586 Å and c = 2.961 Å, which
is in very good agreement with the expected rutile structure and
lattice parameters (4.584 Å and 2.954 Å). The XRD data from the
oxide surface of a region corresponding to 9–10 wt% Cr showed
that TiO2 lattice parameters are identical to the Ti–3Cr composition
(i.e., a = 4.586 Å and c = 2.961 Å) which indicates that Cr content
does not inﬂuence the Ti oxide lattice constants in the topmost
oxide layer (L1). This is expected when considering the similar
ionic radii of Ti4+ (0.61 Å) and Cr3+ (0.62 Å) in octahedral coordina-
tion [48]. However, as XRD is a surface sensitive technique, it can
be used to identify only the phases present in L1. Therefore, TEM
analysis is required for the full characterization of all of the layers
within the oxide scale. A site-speciﬁc TEM sample was prepared
using the DualBeam™ FIB/SEM from a location with the nominal
composition of Ti–11Cr after 25 h oxidation at 650 C. A
many-beam bright ﬁeld micrograph of the Ti–11Cr component is
shown in Fig. 11(a) in which, the metal substrate, L1, L2, L3 and
Fig. 9. (a) Backscattered electron micrograph of the cross-section microstructure of a Ti–10Cr component after100 h oxidation and (b) a STEM micrograph recorded from the
metal/oxide interface of a Ti–11Cr component after 25 h oxidation.
Fig. 10. The X-ray diffraction pattern acquired from the oxide surface of a region
corresponding to a composition of 3–4 wt% Cr after 25 h oxidation at 650 C.
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should be noted that the oxide scale was milled away at some loca-
tions while thinning using the focused ion beam due to its porous
structure. However, it is not expected to signiﬁcantly affect the
TEM analysis since all the layers in the specimen contained a suf-
ﬁciently large area to analyze. It is clearly evident in Fig. 11(b) that
there is a considerable variation in the grain size across the oxide
layer interfaces and the size reduces from L1 to L2 to L3 respec-
tively (2–3 lm in L1, 0.5–1 lm in L2 and 60.1 lm in L3).
Three SAD patterns obtained from L2, L2/L3 interface and L3 are
presented in Fig. 11(c–e). The SAD pattern in Fig. 11(c) corresponds
to the [001] zone axis of rutile. Extra reﬂections arising from mul-
tiple grains are visible as the region of SAD analysis transitions to
the L2/L3 interface (see Fig. 11(d)). Within layer 3 (L3), immedi-
ately below the L2/L3 interface (i.e., avoiding regions where the
TiCr2 Laves phase particles are stable) the diffraction pattern exhi-
bits a larger number of extra spots (see Fig. 11(e)) due to grain
reﬁnement. Accurate d-spacing measurement of the extra reﬂec-
tions in Fig. 11(e) revealed that they correspond to the rutile struc-
ture. This indicates that although the size of the grains change,
there is no change in crystal structure. The same method was
applied across L1/L2 interface and the results indicate only
single-phase rutile. The TEM and XRD are self-consistent. Rutile
is the only crystal structure present in L1, L1/L2 interface, L2,
L2/L3 interface and just below L2/L3 interface. Contrary to compet-
ing hypotheses [11,12], there is no evidence of the formation of a
new oxide (Cr2O3) within TiO2.The size variation across the oxide layer interfaces can be attrib-
uted to the formation of these layers at different stages of the oxi-
dation reaction and sintering/coarsening of the oxide crystals
formed during the earliest stages of the prolonged high tempera-
ture exposure.
Fig. 12(a and b) shows a bright-ﬁeld TEM micrograph and the
corresponding STEM–EDS Cr concentration map that spans across
the three oxide layers as well as a small portion of base metal from
the Ti–11Cr composition after 25 h oxidation at 650 C. These
observations are in agreement with the conclusion drawn from
the XRD and diffraction pattern study, as no Cr-rich phase was
found in L1, L2 and the top portion of L3, thus indicating a compo-
sitionally homogeneous, rather than heterogeneous, oxide scale.
However there exists a distribution of Cr rich particles that extends
from 300 nm below the L2/L3 interface into the metal substrate.
Elemental analysis of these Cr rich regions showed that they all
contain a level of Ti consistent with TiCr2 which further disproves
the hypothesis of the formation of a new oxide (Cr2O3) within TiO2
as a result of dissolution of TiCr2 particles.
The Ti, Cr and O content of eight particles has been measured,
and is plotted as function of distance from themetal/oxide interface
(see Fig. 12(d)). The intermetallic phase exhibits a near stoichio-
metric composition of TiCr2 in the metal substrate and signiﬁcantly
deviates deeper into the oxide scale, indicating that dissolution rate
of TiCr2 phase is less than oxidation rate of Ti. Some of the partially
dissolved TiCr2 particles are shown in the STEM image in Fig. 12(c).
The Cr atoms, driven out of the Laves phase during the gradual
dissolution in TiO2 form a highly doped oxide. Site occupancy of
the Cr ions is the key factor that can alter the oxidation rate from
a parabolic trend for pure Ti to an unexpected exponential trend.
Cr ions can occupy both substitutional and interstitial cation sites
in TiO2 structure and the reaction equations can be written as Eqs.
(4) and (5):
TiCr2 ! 2CrTi þ VþþO þ TiTi ð4ÞTiCr2 ! 2Crþþþi þ 6e þ TiTi ð5Þ
where CrTi is a Cr ion that occupies a Ti site (substitutional cation),
Cri is an interstitial Cr ion; VO is an oxygen vacancy; and TiTi is a nor-
mal Ti ion in TiO2 lattice. It should be noted that Ti ions can also
occupy interstitial sites. However, at atmospheric pressures, the
oxygen vacancy is the dominant type of point defect in TiO2 [47].
While it is not possible to unequivocally determine whether disso-
lution of Cr ions is predominantly substitutional or interstitial based
upon the experimental results provided in this paper, nevertheless,
the inﬂuence of the type of site on the oxidation rate variation can
be discussed.
Fig. 11. (a and b) Many-beam bright ﬁeld TEM micrographs of the metal/oxide interface of a Ti–11Cr component oxidized for 25 h and (c–e) the corresponding SAD patterns
recorded from the marked regions.
Fig. 12. (a–c) Bright-ﬁeld TEM micrograph, the corresponding STEM–EDS Cr concentration map and STEM micrograph recorded from a Ti–11Cr composition after 25 h
oxidation at 650 C. (d) Composition of the TiCr2 particles as a function of distance from the metal/oxide interface.
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cations carry an effective negative charge if they occupy substitu-
tional sites when dissolved in TiO2. This is accompanied by the for-
mation of half as many oxygen vacancies in order to maintain the
charge neutrality. For the case of interstitial Cr cations (Eq. (5)) the
effective charge would be positive and the number of oxygen
vacancies decreases as a result of doping with Cr. When consider-
ing the inward migration of oxygen ions as the oxidationmechanism of Ti alloys, the substitutional dissolution of Cr in
TiO2 will have a detrimental effect on the oxidation resistance of
the alloy as it increases the bulk diffusion coefﬁcient via providing
more oxygen vacancies.
The abovementioned phase evolution in the oxide scale sup-
ports the second mechanism proposed earlier in this paper (i.e.,
the diffusion-controlled oxidation reaction involving ionic migra-
tion across the oxide scale), leading to the breakaway oxidation
Fig. 13. Chromium solubility of a phase as a function of oxygen concentration for a
Ti–5Cr composition predicted by PANDAT for the equilibrium condition at 650 C.
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c), there were no pre-existing TiCr2 particles in the as quenched
alloys with the Cr concentration below 17 wt% Cr. The ﬁrst Laves
phase particles (speciﬁcally for the low Cr components) form in
close proximity to the surface as a result of Cr depletion of the a
phase which is enriched with oxygen. The ingress of oxygen during
oxidation decreases the Cr solubility of a phase (see Fig. 13).
Consequently, the Cr atoms diffuse toward the bulk as the oxida-
tion front advances into the metal substrate. Above a critical con-
centration the ﬁrst Laves phase particles precipitate in the Cr richFig. 14. (a–c) Backscattered electron micrograph and the associated EDS O and Cr conc
oxidation at 650 C.
Fig. 15. (a and b) The STEM micrographs of the cross-section morphology of a Ti–24C
concentration map.b phase near the oxidized surface. Although the oxidation resis-
tance of TiCr2 phase is substantially higher than Ti, the volume
fraction of this phase is not sufﬁciently large so as to decrease
the overall oxidation rate. The dissolution of the TiCr2 phase in
the oxide scale is a function of oxidation time, as is the number
of oxygen vacancies and consequently, the oxidation resistance.
According to Fig. 7, for low Cr compositions it can be concluded
that oxidations times of 25 and 50 h are not long enough for the
TiCr2 particles to become trapped and completely dissolved in
TiO2. However, after 100 h a large number of these particles have
reacted and formed a TiO2 scale that is heavily doped with Cr.
This mechanism is clearly depicted in Fig. 14a–c, showing a
backscattered electron micrograph and the associated EDS O and
Cr concentration maps recorded from the oxide scale of a Ti–
10Cr component after 100 h oxidation. According to Fig. 14 the
porous oxide (the bottom layer) contains a high density of Cr rich
regions (i.e. gradually dissolving Laves phase particles) and the top
layer is also doped with the dissolved Cr ions, unlike the Cr distri-
bution map after 25 h oxidation for Ti–11Cr component (Fig. 12b),
which emphasize on the time dependency of the rapid breakaway
oxidation phenomenon. The concurrent loss of Cr ions through
evaporation from the oxide surface is also expected, considering
the extent of Cr incorporation into the titanium oxide [49].
Substitution of Ti ions with Cr ions thus, degrades the oxidation
resistance via increasing the inward ﬂux of oxygen in an extrinsic
regime and is considered to be the dominant mechanism responsi-
ble for the unusual rapid breakaway oxidation reaction.
For the compositions above 20 wt% Cr however, following the
initial stages of oxidation the volume fraction of the Laves phaseentration maps recorded from the oxide scale of a Ti–10Cr composition after 100 h
r composition oxidized for 25 h at 650 C and (c) the corresponding STEM–EDS Cr
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oxidation-induced TiCr2 particles, is quite high, as illustrated in
Fig. 15(a and b) which shows STEM micrographs of the
cross-section morphology of a Ti–24Cr component oxidized for
25 h. Laves phase particles show a noticeable size variation ranging
from 6200 nm at just below the metal/oxide interface to P200–
300 nm at 6 lm distance from the interface. The concurrent
ingress of oxygen and decomposition of the supersaturated b phase
is responsible for this size variation, considering the absence of
pre-existing TiCr2 particles after solution heat-treatment for this
composition. The high volume fraction of TiCr2 particles which
are characterized by a remarkable oxidation resistance on both
sides of the metal/oxide interface (see Fig. 14(c)) act as a barrier
to diffusion of oxygen and compensate the detrimental effect of
Cr ions in TiO2 oxide leading to the improved overall oxidation
resistance.
The SEM and TEM observations of the oxide scale did not show
any indication of the formation or propagation of micro-cracks that
penetrate the oxide scale and expose the fresh metal surface to
atmosphere. Thus, the oxygen ingress is due to diffusion through
the oxide scale.
4. Conclusions
A compositionally graded Ti–xCr specimen (produced by
LENS™) was used to systematically assess the oxidation behavior
of binary Ti–Cr system as a function of composition and exposure
time including formation and evolution of the oxide scale and the
metal substrate, effect of oxygen ingress, operating oxidation
mechanisms and transition in the oxidation rate. The following
salient observations and conclusions are drawn:
1. For regions close to the surface, oxygen enrichment of the base
material, prior to the oxide formation, changes the transforma-
tion kinetics and stabilizes TiCr2 particles for unusually low
solute levels (e.g., Ti–3Cr).
2. There is also a critical concentration (20 wt% Cr) above which
the oxidation resistance is signiﬁcantly increased and the scale
thickness becomes more or less unresponsive to the time and
concentration variations.
3. The TiCr2 Laves phase particles do not immediately transform
as the oxidation front passes. Rather, the particles gradually dis-
solve within the oxide and act as sources of Cr ions which
enrich the scale, yet do not change the nature of the oxide or
its lattice parameters. As the Cr cations exhibit a lower valence
than that of Ti cations, carry an effective negative charge in
form of substitutional impurities in TiO2 therefore the concen-
tration of oxygen vacancies is increased in order to maintain
the charge neutrality. This is the most probable mechanism
impacting the inward migration of oxygen ions. However the
exposure time must be long enough for the TiCr2 particles to
form, become trapped and dissolve in the scale to reveal the
detrimental effect of substitutional Cr ions.
4. As this is a time dependent process, an oxidation time of 100 h
is long enough to form an oxide scale, heavily doped with Cr
which is considered to be responsible for deviation from the
expected parabolic rate law and occurrence of a rapid break-
away oxidation for Cr contents below critical concentration.
5. For the compositions above the critical Cr content the alloys can
beneﬁt from the remarkable oxidation resistance of the Laves
phase particles since the volume fraction of this phase is large
enough to improve the overall oxidation resistance.
6. The oxide scale of the Ti–xCr components (x < 20 wt%) con-
sists of three layers L1–L3. Rutile is the only phase present in
L1, L1/L2 interface, L2, L2/L3 interface and just below L2/L3interface while the rest of L3 is a mixture of TiO2 and partially
dissolved TiCr2 particles.Acknowledgements
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